This work aims to present a methodology to evaluate polymer flooding and compare the results with the conventional waterflooding for a target heavy oil reservoir. The dead oil and produced water (SPW) (104 800 ppm of total solids dissolved) were prepared to represent the reservoir fluids at test conditions (60°C). SPW was the water source to make and determine the polymer concentration (HPAM-ATBS) to get the target viscosity for the injection fluid (10 mPa s at 7.8 s -1 ). Botucatu sandstone samples represented the reservoir formation. We verified the thickness of the polymer solution after flow throughout the rock sample and confirmed higher value than that for injected SPW. Polymer flooding led to the breakthrough delay, shifted the fractional flow to the right, anticipated oil production, and incremented oil recovery. Under the tested conditions, the maximum contribution of polymer flooding occurred up to 70% of water cut.
INTRODUCTION
Once the production from conventional oil fields (light oils) reached its peak and started to decline, heavy oil reservoirs became increasingly attractive to supply global demands for oil (Gao, 2011; Jung et al., 2013).
Heavy oil can refer to the crude that ranges from 10 to 22.3 °API and is more viscous than 100 mPa s (Gao, Because the heavy crude oil presents higher viscosity and lower mobility than water, the waterflooding can be inefficient due to the instability originated on the interface of the fluids, known as viscous fingering (Gao, 2011; Shi et al.,
2015; Van Meurs & Van Der Poel, 1958).
According to the literature, the unstable front occurs when the mobility ratio (M =k wef μ o /k oef μ w ) is higher than a unit (Gogarty, 1967; Pye, 1964; Sandiford, 1964) . The M formula represents water and oil mobility ratio, where the k wef , μ w , k oef and μ o are the effective permeabilities and viscosities of water and oil phase respectively.
The consequence of this unstable fluid flow is an inefficient displacement, which can result in a poor sweep efficiency (both areal and vertical), early breakthrough of the injected phase and low recovery factor. Under these conditions, a significant amount of mobile oil remains in the reservoir ( Adding water-soluble polymers to the injection fluid increases the displacing phase viscosity and improves the displacement efficiency, even if not reaching a unit mobility ratio (Chen et al., 2012; Levitt et al., 2013; Ramirez, 1987; Sorbie, 1991) . This process constitutes an enhanced oil recovery (EOR) method classified as a chemical method. Adding synthetic polymers, such as partially hydrolyzed polyacrylamides (HPAM), leads to an increase in fluid viscosity and a decrease in permeability to the water phase due to polymer adsorption on the rock's surface. As a consequence of these processes, M improves (Lake, 1989; Sorbie, 1991; Sydansk & Seright, 2007) .
Moreover, by reducing M, the fractional water flow (fw) also reduces, i.e., for a given value of fw, the water saturation is higher for polymer flooding than for waterflooding (Abidin et al., 2012; Lake, 1989; Sorbie, 1991) .
There is no consensus in the literature regarding residual oil saturation (Sor) reduction due to polymer flooding ( The potential of tertiary heavy oil recovery (1450 mPa s) by polymer flooding (HPAM with 18x10 6 g/mol) was investigated in both homogeneous and channeled sand packs (22.5 °C). The results showed that a higher permeable flow channel in the porous media significantly reduced tertiary oil recovery. For homogeneous sand packs, results pointed out an upper and lower limit of viscosity (viscosity-sensitive region) that maximizes recovery. This range characterizes itself by an S-shaped curve (recovery factor versus apparent viscosity). When the polymer flooding started earlier, i.e., under higher oil saturation, the S-shaped curve shifted to lower values of the injected fluid viscosity (Wang and Dong, 2007).
The extension of the work previously commented considered homogenous sand packs and different oil viscosities (430, 1108, 1450, 2900 , and 5500 mPa s). For each oil tested, the authors found optimal range values of effective viscosity of HPAM solution (S-shaped curves). They observed that the viscosity-sensitive region shifted to higher values for more viscous oils. The use of polymer solutions with viscosities higher than the optimum values did not recover a significant amount of oil (Wang and Dong, 2009).
Another work presents an evaluation of secondary recovery by polymer flooding. The authors tested polyacrylamide solutions (500, 1000, 5000, and 10000 ppm) to displace heavy oil (1000, 1450, and 8400 mPa s) in sand packs (permeability of 2 and 13 D). The experimental results indicated that more permeable porous media and lower oil viscosity favor higher oil recovery. Also, the authors verified that the displacement efficiency decreased by increasing flow rate due to the viscous fingering effects (Asghari & Nakutnyy, 2008).
The secondary water and tertiary polymer flooding to recover heavy oil (450 mPa s) were evaluated through laboratory experiments. Both procedures used glass bead pack (37.0% of porosity and 3.4 D) at 25 °C. They prepared the polymer solution with HPAM (A-132PH, 13x10 6 g/mol and a hydrolysis degree of 12 mol %) and 3wt% of NaCl. According to the results presented, polymer flood was more efficient than water flooding, recovering 21.7% of OOIP (Jung et al., 2013). 6 g/mol) of HPAM for the polymer flooding application. The authors observed a reduction in injectivity when a polymer with higher Mw was used, representing a problem for the target field. Thus, they discarded the higher molecular weight polymer. The tertiary recovery with the chosen polymer showed an incremental oil recovery of 4.8% when compared to the results found for waterflooding.
Implementations of polymer flooding in ZS36-1 field located in Bohai Bay -China allowed checking the benefits of this method over water flooding. The target reservoir was characterized by 28 to 35% porosity, 2.5 D of permeability, oil viscosity of 70 mPa.s and temperature around 65 °C. After ten months of polymer injection, the daily oil production of a given producer well increased 3.5 times, and the Wcut was reduced from 95% to 54% Also in Bohai Bay -China, the JZW oil field was considered as a good candidate for polymer flooding. The target was a reservoir (22.0 -36.0 % of porosity and 0.01 -5 D) with heavy oil (17-22°API) and temperature of 57 °C. After polymer application (from 2009 to 2011), the data from 10 production wells showed a 22.6% (average) water cut reduction and 155 Mbbl of incremental oil recovery. The reported data includes a 30% production rate increase as a consequence of the application of the technique (Xiaodong & Jian, 2013).
In other heavy oil fields (China, Turkey, and Oman), the implementation of polymer flooding was also successful (Gao, 2011). However, the author highlighted the challenges to keep the polymer viscosity throughout the flood process. The initial thickness can be reduced by around 50% of the original one due to the salinity effect and mechanical degradation (Gao, 2011).
Under harsh conditions found in the reservoir, such as high temperature and salinity/hardness, the effectiveness of HPAM is severely affected (Nasr-el-din et al. The presence of Fe +2 itself has no drastic effect on the HPAM viscosity loss, however, when it oxidizes into Fe +3 , the free radical O 2 -is produced. O 2 -reacts with HPAM to produce peroxide and break the HPAM's backbones (Sheng, 2011).
According to the literature, some HPAM, when copolymerized with the sulfonated monomers, displays a higher resistance to salinity and temperature than traditional HPAM. As monomers examples, one can mention the ATBS group or 2-acrylamide-tertbutyl sulfonic acid ( This work aims to evaluate secondary polymer flooding for heavy oil recovery using HPAM-ATBS solution prepared with high salinity/hardness synthetic produced water (SPW) and to compare the results with those obtained injecting SPW (waterflooding). The SPW represents the water source available to make the polymer solution. Additionally, core samples with and without iron content are used to evaluate the polymer flooding efficiency at both scenarios. For these purposes, a methodology was developed to perform and compare the results of both methods under the same conditions found in the target oil reservoir, i.e., type of rock, permoporosity, salinity, oil viscosity, and temperature.
MATERIALS AND METHODS
The methodology was based on the procedures (fluids project, samples selection and preparation, and displacement test) highlighted in the test protocol presented in Figure 1 . The fluids project aims to replicate the oil and brine properties at the reservoir conditions to the laboratory test conditions, as well as to determine polymer concentration to get the target viscosity of the injection fluid. Rock sample selection and preparation are performed to choose the rock samples with similar permoporosity of the reservoir formation. Displacement tests seek to compare the oil recovery by waterflooding and polymer flooding using the same core under reservoir temperature (60°C), salinity (104 800 ppm of total solids dissolved), and oil viscosity (180 mPa s).
Fluids project

Oil
The oil at reservoir condition had 14° API density and 160-180 mPa s viscosity at 60°C. Under the test temperature (60°C), the dead oil had 1170 mPa.s. The crude was diluted with kerosene (15 wt%), which is widely applied as a diluent, to obtain the interest viscosity (180 mPa. 
Brine
SPW was prepared with the same composition of the brine found in the target reservoir. This solution was used to saturate rock samples, make the polymer solutions, and perform conventional waterflooding.
The SPW consists of a high salinity and hardness brine including mono and divalent ions with the ionic strength of 1.814 mol/L (Silveira et al., 2016). Table  1 shows the ions contained in the SPW and their respective concentrations.
Polymer solutions
The polymer used was the Flopaam 5115SH provided by SNF. This polymer presents a 14-16 x10 6 g/mol of molecular weight (Mw), 15% of hydrolysis degree, 25% of total anionic charge and 15% of ATBS ( The required polymer concentration (2000 ppm) to get the target viscosity (10 cP at 7.8 s -1 ) was obtained by diluting the stock solution with SPW in a beaker and homogenizing it by a magnetic stirrer at a low speed (120 rpm) for 10 minutes. The solutions exhibited homogeneous aspect without insoluble particles (fisheyes). All selected rock samples were cleaned by distillation extraction method (Soxhlet extractor) to remove organic compounds and salts (API, 1998).
According to literature, the chemical degradation of the polymer solution by iron content is a concern. For this reason, this element was removed (by acid treatment) from two rock samples to compare the polymer flooding efficiency with other two original samples, i.e., with iron content.
The plugs were immersed in a container with hydrochloric acid (HCl (aq) ) for at least three days to remove the iron content from rock samples 
After the treatment, the sample was washed with distilled water until reaching a neutral pH. Figure 2 illustrates original and treated samples.
After the commented procedures, the samples were taken to the oven (100 °C) to dry. Then, permo-porosity properties were measured and the samples selected were submitted to a saturation process (with SPW) under vacuum pressure. This procedure aims to ensure that 100% of porous media is saturated.
Displacement tests
The experimental apparatus is composed of a syringe pump, stainless steel bottles of fluids, heat exchanger, core holder, pressure transducers, back pressure, beakers, scale, and data acquisition system. The oil phase is injected directly into the sample or work as a piston fluid to both SPW and polymer solution. Figure 3 shows the schematic diagram of experimental flooding setup. 
Original Treated
Ethylene glycol was diluted with distilled water (50% v/v) as cooling fluid in the refrigerated bath and the heat exchanger devices. Copper coils conducted the heat-transfer between both devices as well as to the core holder. During the tests, differential pressure, produced mass, and volume over the time were recorded. Saturated samples were encapsulated in a core holder under overburden pressure (900 psi) to ensure one-dimensional flow. At this point, a sequence of fluid injections (in this order: Oil  SPW  Oil  Polymer  SPW, as presented in Figure 1 ) at constant flow rate were run until reaching the steady state conditions at each stage.
These procedures allow the comparison between waterflooding and polymer flooding results at the same core under the connate water saturation, i.e., one rock sample was used for one sequence of injections.
The injection flow rate was 0.7 cm³/min. It was determined according to the criteria (capillary number, capillary-viscous ratio, and gravity-viscous ratio) to avoid capillary and gravitational effects during two-phase flow (Santos et al., 1997).
RESULTS AND DISCUSSIONS
Iron removal from rock samples
The procedure applied to remove iron from rock samples using an acid treatment were evaluated and validated by Electron Microscopy Scanning coupled with Spectrometry of X-ray Dispersive Energy (EDS). These techniques allow assessing the iron distribution on the rock surface.
The EDS results of original treated and nontreated samples are presented in Figure 4 , which shows the surface scanning of original and treated samples (dimensions of 1x1x0.5 cm). Figure 5 shows the EDS spectrum for each treated sample. Figure  4 , the presence of iron ions on the rock surface was not identified for samples treated with HCl and EDS spectra. Figure 5 confirms this result.
According to the EDS results presented in
These results indicate that the acid treatment removed the iron from the rock samples surfaces. Thus, polymer-flooding procedures in both scenarios were possible, allowing the evaluation of any influence of iron content in the oil recovery efficiency. Figure 6 shows the flow curves for the dead oil diluted with kerosene (60 °C), polymer solutions, and the SPW at 23 °C and 60 °C. All data presented are within of sensor measuring range. 
Fluids properties
Viscosity of oil and aqueous phases
Displacement tests
The heavy oil recovery by waterflooding (W.F) and polymer flooding (P.F) were performed under the same condition, i.e., rock samples saturated with oil at connate water saturation (Swi). The tests were run in duplicate with two original (A3 and A4) and two treated (A5 and A6) sandstone samples. These samples were selected to meet the permoporosity properties of a target reservoir. Table 3 shows sample dimensions and petrophysics properties, initial oil saturation (Soi) before the start of each recovery procedure, stabilized differential pressure (∆P), effective permeability at residual oil saturation (kw eff ), RF, and RRF. Figure 7 shows the recovery factors (Rec. F) and pressure history (∆P) versus injected pore volume (PV) obtained during water and polymer flooding. Table 4 summarizes the main results achieved during displacement tests. Comparing the ∆P values, the plateaus obtained during the polymer injections reached pressure values higher than those obtained through the conventional oil recovery. These results confirm the higher resistance of polymer solution to flow through the porous media. Table 3 includes the correspondent values for RF.
Furthermore, the stabilized ∆P values during the water injection after polymer flooding were higher than that ∆P related to waterflooding (water injection before polymer). Thus, polymer flow through the porous medium reduced water permeability. This phenomenon created an incremental resistance to the water flow, which was confirmed by RRF values presented in Table 3 .
According to Rec. F data, polymer flooding caused anticipation of oil production and a final incremental recovery. The polymer flooding curves shifted upwards and to the left, related to those obtained by waterflooding. Table 4 presents the improvement of mobility ratio due to the addition of polymer in the displacing fluid. This phenomenon enhances the displacement efficiency and consequently increases the oil production. Similar results were reported in other work, which attributed this behavior to the mobility ratio reduction by polymer flooding ( The incremental oil recovered by the polymer flooding was higher at the BT (16.4%, 20.3%, 22.6%, and 11.9%) than at the end of procedure (15.0%, 3.0%, 2.6%, and 6.6%) for the samples A3 (60 °C), A4 (60 °C), A5 (60 °C, HCl), and A6 (60 °C, HCl), respectively. The reason of the higher Rec. F for samples A3 compared to the other ones was not identified, since that all conditions were the same for all displacement tests.
Delays related to the breakthrough instants (in injected PV, Table 4 ) of the polymer phase compared to the water injection also evidenced the displacement efficiency of polymer flooding. Thus, more displacing fluid remained into the porous media for polymer flooding until the BT, resulting in the oil production anticipation and higher oil production increment until the BT.
The data presented in Figure 9 were calculated for 0% (BT), 5%, 25%, 50%, 70%, 90%, 95%, and terminal values (higher than 97%) of Wcut.
The polymer curve shifted to the right of those obtained by conventional oil recovery. These results support the statement that polymer flooding improves the displacement efficiency. According to these data, for the same Wcut value, polymer flooding led to a higher Rec. F than waterflooding. For all the tests (except A5) the increment rate of oil production increased until reached 70% of Wcut (90% of Wcut for A3). That indicates an oil recovery maximization by the polymer flooding related to waterflooding. The 70% of Wcut was reached between 0.74 and 0.99 of the injected pore volume.
In the case of the A5 test, the higher incremental recovery probably occurred before the polymer breakthrough. From these results, one can state the main contribution from polymer flooding occurs during the injection of the first pore volume. Figure 11 shows the fractional flows of both methods. The data was plotted against normalized water saturation because, during the oil re-injection, the Swi values obtained were different from the first oil saturation (see Table 3 ).
The injection of polymer solution shifts fractional flows to the right, increasing the average water saturation behind the advance front. That corresponds to a better displacement efficiency for the EOR method applied. These results are related to the M reduction due to the viscosity increase of the injected fluid. In this way, the relative permeability to water reduces as a consequence of the decrease of the fractional water flow (Abidin et al., 2012) .
Evaluating the effects of the iron content on polymer flooding, one could not identify evidence related to the detrimental impacts of this element in the method effectiveness for both sandstone samples, i.e., with (A3 and A4), and without (A5 and A6) iron. These results indicate that no chemical degradation occurred during polymer flooding under the tested conditions.
The injectivity (I = q/∆P) of each flooding method was evaluated to corroborate with the statement above,. As presented in Table 4 , the polymer injection decreased the injectivity. However, no discrepancy was observed between the samples with and without iron content. The lower injectivity of the polymer solution is related to M improvements, the higher viscosity of the injected fluid and the polymer retention throughout of porous media, as stated in the literature (Jennings et al., 1971; Carcoana, 1992; Sorbie, 1991; Sydansk & Seright, 2007) . The remaining viscosity of polymer solution at steady state condition was confirmed by the effective viscosity values (see Table 2 ). According to the results presented in this work the benefits of polymer flooding over waterflooding in the heavy oil recovery are due to the improvement of displacement efficiency. That was attributed to the mobility ratio reduction. Under the tested conditions, any effects of the presence or the absence of iron content in the porous media over the EOR method efficiency could be observed. Also, for the target conditions, the maximum contribution of polymer flooding occurred until 70% of Wcut, obtained until the first PV.
The main conclusions and contributions of this experimental work are highlighted in the next section.
CONCLUSIONS
According to the Electron Microscopy Scanning coupled with Spectrometry of X-ray Dispersive Energy results, the acid treatment (HCl) was effective to remove the iron content from rock samples. That allowed the comparison between the core flooding in rock samples with and without iron content.
The iron content in the rock samples did not exhibit any influence on the oil recovery results by waterflooding and polymer flooding, under test conditions. Considering polymer flooding process for a target-heavy oil reservoir in a laboratory scale, the HPAM-ATBS was successful in maintaining good viscosity behavior in a high-salinity high-hardness synthetic produced water.
The high viscosity of polymer solution improved the mobility ratio when compared to waterflooding.
Consequently, the better displacement efficiency of the heavy oil by polymer solution resulted in the delay of the water breakthrough and the shift of the fractional flow to higher values of water saturation. All these factors contributed to the oil production anticipation before the injected fluid breakthrough, and, the increment of the oil recovery. 
